Despite the great abundance of pyrite in nature and its role as one of the main sources of SO 2 emissions in industrial processes, there is little definitive information about the kinetics and mechanisms of pyrite oxidation and decomposition reactions. This work aimed to determine the viability of applying the Friedman method for kinetic parameter determination to the oxidation and decomposition reactions of pyrite from the coal mining industry in order to obtain pyrite-based magnetic materials. Such method is based on the use of experimental weight loss data obtained using thermogravimetric analysis (TG) for the determination of the reaction activation energies. Thus, the activation energy, the pre-exponential factor and the reaction order were obtained using TG curves with different heating rates (2.5, 5.0, 7.5 and 10.0 K.min -1
INTRODUCTION
Pyrite is a mineral with a compact structure [1] that is abundant in nature and is found in high concentration and as an impurity in many types of minerals and coals. For this reason, it is one of the main sources of SO 2 emissions in industrial processes [2] . Despite the importance of this material, little definitive information is available about its ). For inert atmosphere, the calculated activation energies of approximately 280 kJ.mol -1 agree with the literature values. The reaction in oxidant atmosphere showed two predominant weight loss regions, suggesting the existence of two different reactions. The 482 kJ.mol -1 value obtained for the activation energy of the second weight loss that occurred at approximately 770 K was similar to the results reported by other authors. For the observed weight loss at approximately 650 K, similar values were not found in the literature to compare to the results of the Friedman method. The theoretical activation energy was therefore determined with empirical equations. A theoretical value of approximately 1000 kJ.mol -1 was obtained for the decomposition of pyrrhotite. The values found for the other kinetic parameters showed inconsistencies. Keywords: pyrite, oxidation reactions, decomposition reactions, kinetic parameters. 2 kinetics and reaction mechanisms. From a mechanistic point of view, pyrite decomposition is a complicated process because it involves a high number of mass and heat transfer steps [1] . It is possible to approximate the thermal decomposition of pyrite to form pyrrhotite by the non-reacting nucleus model. When the reaction involves gaseous reagents and/or gaseous products and the diffusion process is slow, the reaction can be controlled by the diffusion step through the stagnant film of gas and product layer. Nevertheless, when the reaction step is slow compared to the diffusion step, the reaction can be controlled by the chemical reaction. When neither of these two steps play a dominant role, the process is controlled by a combination of these steps (mixed control) [2] . Depending on the reactions conditions, pyrite oxidation can occur by different mechanisms. The direct oxidation is controlled by the oxygen diffusion and can be adapted to the non-reacted nucleus model. When the decomposition occurs according to the two-step mechanism, the first step, which is the thermal decomposition of pyrite, follows the proposed model for decomposition at inert atmosphere. Nevertheless, the oxidation of the formed pyrrhotite at the first step is an exothermic process that promotes an increase in the temperature of the material. This phenomenon can affect the pyrite thermal decomposition kinetics, leading to the reaction occurring rapidly in an oxidant atmosphere [3] .
Resumo

Apesar da abundância de pirita na natureza e seu papel como uma das principais fontes de emissões de SO
The activation energy is an important kinetic parameter that indicates the magnitude of the influence of the temperature on the reaction. Hu et al. [4] used the Friedman isoconversional method for the determination of kinetic parameters in an extremely pure pyrite. The good results obtained for the same basic material (pyrite) encouraged the use of such method for the impure mineral used in this work. Several researchers have confirmed that activation energies for the pyrite decomposition can be divided in two groups based on the controlling step of the process. For high activation energy values of approximately 290 kJ.mol -1 , sulfur dissipation is fast and the process is controlled by decomposition. For low activation energy values of approximately 110 kJ.mol -1 , sulfur dissipation is too slow, and therefore, the evaporation of the sulfur at the pyrite/pyrrhotite interface is the controlling step [5] . The present work aimed to determine the viability of the application of the Friedman isoconversional method for the determination of the kinetic parameters of the oxidation and decomposition reactions of pyrite from the coal mining industry. The activation energy (E a ), the pre-exponential factor (A) and the reaction order (n) were obtained by analysis of the thermogravimetric curves at different heating rates. The obtained results were compared with literature values.
EXPERIMENTAL
Material: the pyrite used in this study was collected in a coal company situated in the south of Santa Catarina State (Brazil). Chemical analysis of such material is shown in Table I .
Thermal analysis: the thermal behavior of the studied pyrite was evaluated in a thermogravimetric analyzer (Shimadzu, TGA-50). The experimental conditions were: i) air atmosphere: heating rates of 2.5, 5.0, 7.5 and 10 K.min -1 , a sample mass of approximately 15 mg, and a synthetic air flow of 50 mL.min -1 ; ii) nitrogen atmosphere: heating rates of 2.5, 5.0, 7.5 and 10 K.min -1 , a sample mass of approximately 10 mg, and a nitrogen flow of 50 mL.min -1 . Kinetic study of the pyrite decomposition/oxidation reactions: the kinetic parameters were obtained by applying the Friedman isoconversional method [4] . Isoconversional methods are based on the concept that the temperature change resulting from the heating rate is a function of the activation energy of the process. The reaction rate, the Arrhenius rate constant and the heating rate can be defined, respectively, by Equations A, B and C:
where w refers to the remaining sample at a given time period specified by (w t -w f ), where w t and w f are the sample masses at the reaction times t and t f (end of the thermogravimetric analysis), respectively [4] . Substituting Equations B and C 
Assuming that the pyrolysis reaction follows nth-order kinetics, the function f(x) is defined by:
In the case of the Friedman method, the kinetic parameters are obtained using the differential method. Thus, the activation energy can be calculated without the knowledge of the form of f(x). The final form for the Friedman equation is expressed by: Fig. 1 shows the thermogravimetry curves obtained in inert atmosphere (N 2 ) for different heating rates. To obtain the kinetic parameters, curves of (w t -w f ) vs. temperature were plotted (Fig. 2) . The values of the selected w t -w f varied between 1.54 and 1.72 mg because the most significant weight loss was observed in this region. Fig. 3 shows the linear regressions related to the Friedman method. The determination of the square straight minimum from the graph was used to determine the activation energy (E a ) of pyrite decomposition. The results for the selected w t -w f values are shown in Table II 
The graphic representation of ln[β(-dw/dt)] versus 1/T for different weights results in a straight line with a slope of (-E a /R). Once the value of ln[A.f(w)] was defined in the linearization of the Friedman method, the value of n can be obtained from the linearization of Equation G [4]: ln[Af(w)] = ln A + n ln w (G)
RESULTS AND DISCUSSION
Kinetics of the decomposition and oxidation reactions in inert atmosphere
Kinetics of the decomposition and oxidation reactions in oxidant atmosphere
To determine the kinetic parameters of the pyrite oxidation reaction, the same method as applied for the decomposition reaction was used. The thermogravimetry curves obtained in oxidant atmospheres and the curves of (w t -w f ) vs. temperature are shown in Figs. 4 and 5 , respectively. The reaction in oxidant atmosphere showed two predominant regions of weight loss, suggesting the existence of two different reactions responsible for these losses. Because of this, w t -w f values for both of the possible reactions were selected. Figs. 6a and 6b show the straight line regressions related to the Friedman method for oxidant atmosphere for the w t -w f ranges between 4.40 and 5.20 mg and between 0.60 and 2.20 mg, respectively. The graphs in Fig. 6 were used to determine the activation energies of the reactions using the linear minimum regression method. The activation energy values obtained for the selected w t -w f values are shown in Table III .
For the sample treated in the oxidant atmosphere, the obtained values for the activation energy of the second weight loss that occurred approximately at 770 K were similar to the values in the literature. Živković et al. [6] obtained an activation energy value of 482 kJ.mol -1 , assigning it to reaction: 2FeSO 4 → Fe 2 O 3 + SO 2 + SO 3 (H)
Similar literature data to the activation energies obtained with the Friedman method for the weight loss observed approximately at 650 K were not found. Therefore, the theoretical activation energy was determined using empirical equations. We obtained approximately 1000 kJ.mol -1 as the theoretical value for the decomposition reaction of pyrrhotite, assigning it to reaction: 2FeS x + (1.5 + 2x)O 2 → Fe 2 O 3 + 2xSO 2 (I)
The values found for the other kinetic parameters (preexponential factor and reaction order) showed inconsistencies. As the studied pyrite was a waste obtained from the coal mining, i.e. pyrite was not a pure material, secondary reactions should occur because of the presence of other elements interfering in the kinetic parameters. Thus, although the differences in the obtained kinetic parameters in relation to those ones obtained by [4] are reasonable, the Friedman method was not considered an efficient method in this case.
CONCLUSIONS
The activation energies, obtained using the Friedman method, were found to be similar to values in the literature. For the reaction in an inert atmosphere, the determined activation energy was 279.2 kJ.mol -1 . The reaction in an oxidant atmosphere showed two weight loss events. The first event was associated with pyrite oxidation and showed activation energy of 924.9 kJ.mol -1 . The second event, associated with sulfate decomposition, showed activation energy of 451.7 kJ.mol -1 . The method was inefficient for determination of the other kinetic parameters. The values for the reaction order and pre-exponential factor were inconsistent. 
